Phosphoproteomics-based platforms have been widely used to identify post translational dynamics of cellular proteins in response to viral infection. The present study was undertaken to assess differential tyrosine phosphorylation during early hours of rotavirus (RV) SA11 infection. Heat shock proteins (Hsp60) were found to be enriched in the data set of RV-SA11 induced differentially tyrosine-phosphorylated proteins at 2 hr post infection (hpi). Hsp60 was further found to be phosphorylated by an activated form of Src kinase on 227th tyrosine residue, and tyrosine phosphorylation of mitochondrial chaperonin Hsp60 correlated with its proteasomal degradation at 2-2.5hpi. Interestingly, mitochondrial Hsp60 positively influenced translocation of the rotaviral nonstructural protein 4 to mitochondria during RV infections. Phosphorylation and subsequent transient degradation of mitochondrial Hsp60 during early hours of RV-SA11 infection resulted in inhibition of premature import of nonstructural protein 4 into mitochondria, thereby delaying early apoptosis. Overall, the study highlighted one of the many strategies rotavirus undertakes to prevent early apoptosis and subsequent reduced viral progeny yield.
proteasome system (López, Silva-Ayala, López, & Arias, 2011) , and endocytosis components (Silva-Ayala et al., 2013) have been reported. Protein phosphorylation is a key post-translational modification in mammalian cells. Up to 30% of all proteins may be phosphorylated on at least one amino acid residue (Pinna & Ruzzene, 1996; Cohen, 2000) , and protein kinase genes constitute nearly 2% of the genome of eukaryotes (Manning et al., 2002; Caenepeel, Charydczak, Sudarsanam, Hunter, & Manning, 2004; Zhu et al., 2000) . Mammalian proteome usually has three amino acid residues-serine, threonine, and tyrosine-that can be post-translationally modified by phosphorylation. The exquisitely balanced reversible cycle of phosphorylation and dephosphorylation, orchestrated by cellular kinases and phosphatases, regulates an array of cellular processes ranging from signal transduction, metabolism, cell-cycle progression and differentiation to functional protein activation, protein stability, protein-protein interaction, and protein compartmentalization (Nishi, Hashimoto, & Panchenko, 2011; Olsen et al., 2006; Ptacek & Snyder, 2006; Schlessinger, 2000; Cohen, 2000) . Not surprisingly, a high-throughput phosphoproteomics-based platform has been used to determine deregulated phosphorylation-dephosphorylation cycle in cancer (Yi et al., 2014; Ali & Molloy, 2011) , neurological diseases (Rudrabhatla, Grant, Jaffe, Strong, & Pant, 2010; Lai, Kondapalli, Lehneck, Procter, & Dill, 2015) , DNA damage response (Zhong et al., 2015; Kirkpatrick et al., 2013) , skin diseases (Zanivan et al., 2013) , and cardiovascular anomalies (Abdul-Ghani, Heesom, Angelini, & Suleiman, 2014; Giorgianni et al., 2014) . Virus-host cell interactions on this global platform have also been examined (Stahl et al., 2013; Öhman et al., 2014; Wojcechowskyj et al., 2013; Öhman et al., 2015) . One of the simplest strategies for phosphoprotein enrichment before mass spectrometry is the use of phospho-specific antibodies for the purpose of immunoprecipitation (Macek et al., 2009 ). Especially, antibody-based phosphotyrosine enrichment strategy has been used widely both at the cell lysate stage (Pandey et al., 2000) and also at the digested peptide stage (De Corte et al., 1999; Rush et al., 2005; Rikova et al., 2007) to unravel novel tyrosine phosphorylation targets in disease settings. RV infection triggers massive cellular reprogramming as a part of host cell takeover process. Possible post-translational modifications of RV proteins in different cellular milieu have been predicted earlier . RVA-NSP5 has also been shown to be hyper phosphorylated during RVA replication (Eichwald, Vascotto, Fabbretti, & Burrone, 2002) . However, status and role of phosphorylation of host proteome in response to RV infection are largely unknown.
In this study, phosphotyrosine affinity purification-based mass spectrometry approach has been taken to understand changes in tyrosine phosphorylation network during early hours (<3hpi) of RV-SA11 infection. Among the cellular factors which were found to be tyrosine phosphorylated at 2hpi, chaperone family of proteins were further validated. The nature and implications of tyrosine phosphorylation of mitochondrial chaperonin heat shock protein 60 (Hsp60) during RV-SA11 infection was studied in depth. Seventy-one differentially tyrosine phosphorylated proteins were identified in response to RV-SA11 infection at 2hpi. Functional classification of proteins was done using PANTHER Classification System (Thomas et al., 2003; Mi et al., 2005) . The differentially phosphorylated proteins were found to belong to 39 genes and 50 PANTHER protein classes. Chaperone proteins showed highest enrichment followed by nucleic acid binding proteins, cytoskeletal proteins, and hydrolases (SupplementaryTable-1).
Molecular chaperones, especially the Hsps, were analyzed further for validation. Lysates of RV-SA11 infected HT29 cells harvested at 2hpi were immunoprecipitated using anti-phosphotyrosine antibody and immunoblotted with antibodies against Hsp proteins which have been identified using the platform of tyrosine-phosphoproteomics.
Consistent with the global data, Hsp90β, endoplasmin (GRP94), Hsp90α, Hspβ1, and mitochondrial 60 kDa Hsp60 were confirmed to be tyrosine phosphorylated at 2hpi (Figure 1b ).
| Hsp60 tyrosine phosphorylation is inversely correlated with its protein level in mitochondria during early hours of RV infection
Input lanes of Hsp60 showed marked decrease in its protein level at 2hpi compared with mock infected control. To correlate tyrosine phosphorylation of Hsp60 with its expression level, HT29 cells were infected for 1.5-3.5hpi and cellular lysates were immunoblotted with Hsp60 specific antibody. Hsp60 protein levels significantly decreased at 2-2.5hpi and further restored from 3hpi onwards (Figure 1c) , raising a possibility that tyrosine-phosphorylation of Hsp60 may have some impact on its stability. Indeed, similar reduction patterns of Hsp60 protein levels at 2-2.5hpi were observed in HT29 cells infected with RV-A5-13 (bovine), RV-Wa (human), RV-OSU (porcine) (Figure 1d ) as well as in RV-SA11 infected MA104 cells ( Figure 1e ).
As Hsp60 has been reported to coexist in both cytosol and mitochondria (Itoh et al., 1995) , levels of Hsp60 were measured in both cytosolic and mitochondrial fractions of mock infected and RV-SA11 infected cells (2-3hpi). Result showed decrease in Hsp60 levels (2-2.5hpi) only in mitochondrial fraction but not in cytosol (Figure 1 f), suggesting that mitochondrial Hsp60 is affected by tyrosine phosphorylation.
2.4 | Decreased protein level of heat shock protein 60 is a result of its ubiquitin-mediated proteasomal degradation Mock infected and RV-SA11 infected (2hpi) HT29 cell extracts were subjected to immunoprecipitation with anti-phosphotyrosine antibody. Immunoprecipiates were resolved in sodium dodecyl sulfate polyacrylamide gel electrophoresis and subsequently immunoblotted with anti-Hsp60, anti-Hsp90α, anti-Hsp90β, anti-Hspβ1, and anti-endoplasmin antibodies. Corresponding input lanes showed expression of Hsp60, Hsp90α, Hsp90β, Hspβ1, and endoplasmin at 2hpi and mock infected control. (c) Whole cell lysates prepared from HT29 cells either infected with RV-SA11 at a moi of three (1.5, 2, 2.5, 3, and 3.5hpi) or mock infected were subjected to immunoblotting with anti-Hsp60 antibody. Glyceraldehyde 3-phosphate dehydrogenase was used as internal loading control. NSP3 was used as marker for viral infection. (d) Whole cell lysates, prepared from HT29 cells infected with A5-13, Wa and OSU strains of RV (1.5, 2, 2.5, 3, and 3.5hpi) or kept mock infected were subjected to western blot analysis with anti-Hsp60 antibody. GAPDH was used as internal loading control. NSP3 was used as viral infection marker. (e) Whole cell lysates prepared from MA104 cells either infected with RV-SA11 at a moi of three (1.5, 2, 2.5, 3, and 3.5hpi) or mock infected were subjected to immunoblotting with anti-Hsp60. GAPDH was used as internal loading control. (f) Mitochondrial and cytosolic fractions were prepared from HT29 cells either mock infected or RV-SA11 infected (2, 2.5, and 3hpi) and immunoblotting was carried out with anti-Hsp60 antibody. GAPDH and COX-IV were used as internal loading control as well as purity markers for cytosol and mitochondria, respectively anti-Hsp60 antibody. Results revealed higher amount of ubiquitylated Hsp60 (60 kDa) in the immunoprecipitates at 2-3hpi, which was only found to decrease beyond 3hpi (Figure 2b 2.5 | Tyrosine phosphorylation of heat shock protein 60 is mediated by an activated form of Src kinase Src kinase is one of the major non-receptor tyrosine kinases (Roskoski, 2005) responsible for phosphorylating many proteins especially in mitochondria (Tibaldi et al., 2008) ; hence, the relation of Src kinase with mitochondrial Hsp60 was investigated. Activated Src has been reported to be tyrosine auto-phosphorylated at amino acid 416 (SrcY416) (Ingley, 2008) ; thus, levels of SrcY416 were assessed in mitochondria and cytosol of RV-SA11 infected HT29 cells. Increase in SrcY416 was observed in mitochondrial extracts during 2-2.5hpi of infection ( Figure 3a) . In cytosolic fraction, SrcY416 levels remained at a low basal level similar to the mock infected control (Figure 3a 2.6 | Tyrosine phosphorylation at 227th amino acid residue of heat shock protein 60 is correlated with heat shock protein 60 degradation
To predict putative sites for Hsp60 tyrosine phosphorylation, NetPhos 2.0 Server (cut-off score 0.9) and PhosphoELM BLAST were used.
Based on the predictions, tyrosine phosphorylation sites were mapped at amino acid positions 90, 223, 227, and 503 of Hsp60 (Supplementary Figure 2 ). To find out whether phosphorylation of any of these tyrosine residues on Hsp60 has an impact on Hsp60 degradation, four-point mutants were generated separately on the backbone of wild-type pCD-Hsp60 for each of these tyrosine residues and were designated as pCD-Hsp60Y90A, pCD-Hsp60Y223A, pCDHsp60Y227A, and pCD-Hsp60Y503A, respectively (Supplementary 
| A positive co-relationship exists between mitochondrial Hsp60 chaperonin and import of rotaviral NSP4 into mitochondria
Mitochondrial Hsp60 is known to participate in folding of nuclear DNA encoded proteins during the process of transport (Koll et al., 1992) as well as after transport into mitochondria (Schatz, 1996) . Localization of rotaviral protein NSP4 to mitochondria has also been documented previously (Bhowmick et al., 2012) . Thus, the role of Hsp60 in modulating NSP4 transport into mitochondria was assessed. HEK293 cells treated with either Hsp60-specific siRNA or scrambled siRNA were transfected with pFLAG-NSP4. Mitochondrial and cytosolic fractions were isolated 10 hr after transfection. Hsp60-siRNA transfected mitochondrial extracts revealed lower level of NSP4 protein compared with scrambled siRNA transfected cells ( Figure 5a ). Significant downregulation of Hsp60 was observed in both mitochondria and cytosol of Hsp60-siRNA transfected cells confirming the efficacy of Hsp60-siRNA. As an internal control for purity of sub-cellular fractions, blots
were reprobed for an ER specific protein Calnexin. Calnexin was found to be present exclusively in the cytosolic preparations suggesting that 2.8 | Mitochondrial heat shock protein 60 might be involved in refolding of nonstructural protein 4 in mitochondria
Protein unfolding is an essential step just before mitochondrial import;
proteins remain in unfolded state during translocation across mitochondrial membrane (Bukau & Horwich, 1998; Hartl & Hayer-Hartl, 2002 ).
To find out whether NSP4 enters mitochondria in denatured state, NSP4 protein was purified in both denatured and native condition and then separately incubated with mitochondria in an import buffer at 25°C for 10 min. As a control, one set of denatured NSP4 was incu- 
| DISCUSSION
The interface between phosphoproteomics and virus-induced cellular reprogramming is emerging as a fascinating area of research.
Phosphoproteomic characterization of Sendai virus infected human epithelial cells revealed activation of the Rho family of GTPases,
HIPPO signaling, and mammalian target of rapamycin-signaling pathways that were previously not linked to Sendai virus infection (Öhman et al., 2015) . A novel bi-proteomics approach coupling phosphoproteomics to 14-3-3 affinity capture identified novel targets of 14-3-3 antiviral signaling responses (Öhman et al., 2014) . Quantitative phosphoproteomics study following gammaherpesvirus infection identified proviral functions of extracellular-signals and cyclin-dependent kinase pathways (Stahl et al., 2013) . Quantitative label-free phosphoproteomics analysis during West Nile Virus infection identified previously unrelated phospho-signaling pathways behind inflammatory cytokine production (Zhang et al., 2015) . Similarly, novel cellular reprogramming factors involved in HIV-1 entry have been identified in a quantitative phosphoproteomics analysis (Wojcechowskyj et al., 2013) . In the present study, phosphotyrosine enrichment was done with Sepharose bead conjugated anti-phosphotyrosine antibody from RV-SA11 infected cellular lysates to find out differentially tyrosine phosphorylated candidates at early hours of RV-SA11 infection. Massive tyrosine phosphorylation was observed during initial hours of infection (Supplementary Figure 1a,b) . This is not surprising given the preponderance of kinase family of genes within eukaryotic genome and involvement of finely tuned cycle of phosphorylation and dephosphorylation in every aspect of cellular signaling including multifaceted signal reprogramming a virus triggers as a part of its host cell take over process. Since maximum tyrosine phosphorylation was observed at 2hpi, phosphoproteomics analysis was also performed at 2hpi.
Tyrosine phosphoproteomics study identified phosphorylation of cellular chaperone family of proteins (Supplementary Table-1) . Indeed, heat shock protein phosphorylation has been reported earlier to modulate their interaction and activities (Mollapour & Neckers, 2012; Soroka et al., 2012) . Moreover, roles of chaperone proteins like Hsp70 and Hsp90 during RVA infection have also been documented (Dutta et al., 2009; Dutta et al., 2011; Broquet et al., 2007) . Following validation, impact of tyrosine phosphorylation of 60 kDa Hsp60 was studied in depth. Hsp60 is one of the most conserved proteins in all three "primary kingdoms" of life: eukaryotes, prokaryotes, and
Archaea. Hsp60 chaperones can be found both in cytosol and mitochondrial matrix. Together with Hsp70 and Hsp10 co-chaperones, FIGURE 6 Mitochondrial Hsp60 facilitates import NSP4 in denatured form into mitochondria and might be involved in refolding of NSP4. (a) Equal amounts of native and denatured NSP4 were incubated separately with mitochondria isolated from HT29 cells at 25°C in a mitochondrial import buffer. As a control, one set was kept in ice to inhibit in vitro mitochondrial import of denatured NSP4. After 10 min of incubation, mitochondria were isolated and extracts were subjected to immunoblotting with anti-NSP4 antibody. (b) Equal amounts of purified mitochondrial extracts were incubated separately with equal quantities of native or denatured NSP4 in mitochondrial co-immunoprecipitation buffer. Co-immunoprecipitation was done with anti-Hsp60 antibody and immunoblotting was carried out with anti-NSP4 antibody. (c) Denatured NSP4 in equal amounts was incubated with purified mitochondria in an import buffer and allowed to stand for 10 min at 25°C. Later import was halted and mitochondria were removed from the import solution. Mitochondria was again suspended in import buffer and kept at 25°C for 2, 5, and 15 min, followed by final recovery and lysis. Co-immunoprecipitation was done with anti-Hsp60 antibody followed by immunoblotting with anti-NSP4 antibody Hsp60 assists the correct folding and assembly of proteins in mitochondria (Mayer, 2010; Nakamura & Minegishi, 2013; Haynes & Ron, 2010; Heyrovska, Frydman, Hohfeld, & Hartl, 1998; Martin, 1997; Ostermann, Horwich, Neupert, & Hartl, 1989) . Besides its classical chaperonin activity, Hsp60 exhibits both anti-apoptotic (Yang, Hsu, & Kuo, 2009; Haynes & Ron, 2010) and pro-apoptotic functions (Xanthoudakis et al., 1999; Lehnardt et al., 2008 ) depending on the cell type and reaction conditions (Ghosh, Dohi, Kang, & Altieri, 2008; Chandra, Choy, & Tang, 2007) .
During RV infection, Hsp60 remained phosphorylated upto 4hpi, after which, it reverts back to nonphosphorylated status (data not shown). Surprisingly, an inverse co-relation was observed between tyrosine phosphorylation and expression level of Hsp60 during RV infection (Figure 1.b,c) . The decrease in Hsp60 expression is specifically restricted to mitochondrial fraction as no change in Hsp60 levels was observed in cytosolic fraction (Figure 1f ). The decrease in mitochondrial Hsp60 which was due to proteasomal degradation was not observed in presence of MG132 (Figure 2a) . Furthermore, increased interaction between Hsp60 and ubiquitin was observed during 2-2.5 hr post RV infection when Hsp60 is more prone to degradation (Figure 2b,c) .
Crosstalk between phosphorylation and ubiquitination has been studied extensively in many cellular homeostatic processes (Hunter, 2007) . One of these important intersections is phosphodegron mediated recognition of substrates by E3 ubiquitin ligases leading to proteasomal degradation of the substrates (Cardozo & Pagano, 2004) . Increasing evidence suggests that turn-over of mitochondrial membrane proteins and matrix proteins can be regulated by ubiquitin proteasome pathway (Radke et al., 2008; Xu, Peng, Wang, Fang, & Karbowski, 2011; Chan et al., 2011; Tanaka et al., 2010; Azzu & Brand, 2010; Margineantu, Emerson, Diaz, & Hockenbery, 2007) .
Tyrosine phosphorylation of mitochondrial proteins is an important mechanism regulating mitochondrial function. Among the tyrosine-kinases observed in mitochondria, Src kinases emerge as key players. Indeed, various members of this family, for example, Fgr, Fyn, Lyn, and c-Src, are constitutively present in the internal structure of mitochondria. Src can be switched from an inactive to an active state through control of its phosphorylation. Phosphorylation site Tyr416 (Y416) when autophosphorylated activates Src kinases, whereas phosphorylation of Tyr527 inactivates Src by folding it into closed inaccessible bundle (Ingley, 2008; Tibaldi et al., 2008; Frame, 2002) . During RV-SA11 infection, Src Kinase was identified as the key regulator of mitochondrial Hsp60 phosphorylation. Increase in levels of activated Src kinase (SrcY416) was observed within mitochondria during early hours of RV-SA11 infection which correlates with Hsp60 phosphorylation and degradation (Figure 3a) . In addition, SrcY416 was also found to interact with Hsp60 (Figure 3b) . Prior treatment of cells with Src kinase inhibitor or Src-specific siRNA inhibited both Hsp60 phosphorylation and its degradation (Figure 3c 
Transient degradation of Hsp60 during early hours of RV infection
suggests some physiological significance for efficient virus replication.
Previous reports have established initiation of proapoptotic pathway by NSP4 during RV infection through translocation of NSP4 into mitochondria resulting in dissipation of mitochondrial potential, release of cytochrome c into cytosol, and caspase activation (Bhowmick et al., 2012) . Moreover, NSP4 has also been reported to mobilize Ca 2+ ions from ER thereby increasing intracellular calcium concentration and triggering calcium-mediated apoptosis (Chaïbi et al., 2005; Martin-Latil, Mousson, Autret, Colbère-Garapin, & Blondel, 2007; Tian et al., 1994; Tian et al., 1995; Dong, Zeng, Ball, Estes, & Morris, 1997; Morris et al., 1999; Berkova, Morris, & Estes, 2003; Berkova et al., 2006; Díaz et al., 2008; Zambrano et al., 2008; Hyser et al., 2010) . Thus, transient degradation of mitochondrial Hsp60 might inhibit mitochondrial import of rotaviral NSP4 and also prevent premature apoptosis during early hours of RV infection. Indeed, early initiation of apoptosis was observed when tyrosine phosphorylation of mitochondrial Hsp60 was inhibited in presence of SKI-I (Figure 7c ) which further resulted in reduced viral titers (Figure 7d ).
Overall, this study highlights one of the many strategies used by RV to evade premature apoptosis for efficient viral propagation. It would be interesting to explore in future how rotavirus infection triggers Src auto-phosphorylation and activation. It would also be equally interesting to address issues such as how a resident mitochondrial protein Hsp60 
| UV inactivation of rotavirus-SA11
To develop UV inactivated RV, Simian SA11 were pretreated with 40 μg/ml psoralen AMT (prepared from 1 mg/ml stock solution in 50% ethanol and 50% water) for 15 min and then irradiated by longwave UV-light (365 nm) for 2 hr under ice cold condition (Groene & Shaw, 1992) . RV was activated and used immediately after UV treatment.
| Plasmid construction
Full-length Hsp60 and full-length NSP4 were cloned into pcDNA6 
| Plasmids and small interfering RNA transfection
Plasmids (pAcGFP1-C2-NSP4, pAcGFP1-C2-NSP4-H, pAcGFP1-C2-NSP4-viroporin, pAcGFP1-C2-NSP4-CCD, pAcGFP1-C2-NSP4-DLP-R, pcD-Hsp60, pCMV-NSP4, pCMV-Ub) were transfected in HT29 
| Plaque assay
For calculating viral infectivity titers, plaque assays were performed as per previously reported protocol (Chattopadhyay et al., 2013; Smith, Estes, Graham, & Gerba, 1979) . Viral PFU was calculated as PFU/ml (of original stock) = 1/dilution factor x number of plaques × 1/(ml of inoculum/plate) (Smith et al., 1979) . carried out with 1% trifluoroacetic acid in 30% Acetonitrile (ACN) (Yadav et al., 2011) .
| Nano-RP-LC MS/MS analysis
The extracted peptides were lyophilized and reconstituted with 2% 
| IMMUNOBLOTTING
For immunoblotting cells were lysed in buffer as described earlier (Chattopadhyay et al., 2013 β-mercaptoethanol, and 0.01% bromophenol blue) and boiled for 10 min before sodium dodecyl sulfate polyacrylamide gel electrophoresis at room temperature followed by immunoblotting with specific antibodies as described previously Following mounting, the coverslips were analyzed by microscopy on a Zeiss Axioplan microscope (100X oil immersion).
| Isolation and purification of nonstructural protein 4 protein
Nonstructural protein 4 was purified in native conditions using the QIAexpressionist™ protein purification kit (Qiagen, Germany) according to the manufacturer's instructions. Briefly, HEK293 cells expressing recombinant NSP4 protein were lysed in native lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, and 0.7% Tween 20, pH 8.0) by sonication on ice followed by centrifugation at 4°C.
Cleared cell lysates mixed with nickel-nitrilotriacetic acid magnetic agarose beads (Qiagen, Germany) were kept in an end-over-end shaker for 4 hr at 4°C. After the pull down protein-bead mixture was washed four times with washing buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, and 0.7% Tween 20, pH 8.0) and was eluted in elution buffer (50 mM NaH 2 PO 4 , 300 mM NaCl, 250 mM imidazole, and 0.7% Tween 20, pH 8.0) followed by a second elution in the imidazole. Imidazole was removed by dialyzing the protein solution (Dutta et al., 2011) . 
|

| In-vitro mitochondrial protein import assay
Purified, functionally active mitochondria were resuspended in MRM-S buffer (250 mM sucrose, 10 mM HEPES, 1 mM ATP, 5 mM succinate, 0.08 mM ADP and 2 mM K2HPO4, pH 7.4). Denatured NSP4 was added to the purified mitochondrial suspension dropwise, under mild agitation and incubated for 10 mins at 25°C; import reaction was stopped by keeping the mitochondria on ice and was subsequently subjected to centrifugation at 7000 g for 10 min at 4°C. Mitochondria 
| Putative tyrosine phosphorylable residue identification
Putative sites of tyrosine phosphorylation on Hsp60 sequence were identified in NetPhos 2.0 Server (http://www.cbs.dtu.dk/services/ NetPhos/, (Blom, Gammeltoft, & Brunak, 1999) and Phospho.BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990; Dinkel et al., 2011) .
| STATISTICAL ANALYSIS
Mean ± standard error of at least three independent biological replicates (n ≥ 3) was considered for analysis. For western blot analyses and plaque assays, P ≤ 0.05 was considered to be statistically significant.
